F 1 -ATPase, a soluble part of F o F 1 -ATP synthase, has subunit structure a 3 b 3 gde in which nucleotide binding sites are located in the a and b subunits, and, as believed, in none of other subunits. However, we report here that the isolated e subunit of F 1 -ATPase from thermophilic Bacillus strain PS3 can bind ATP. The binding was directly demonstrated by isolating the e subunit-ATP complex with gel-filtration chromatography. The binding was not dependent on Mg 2+ but highly specific for ATP; ADP, GTP, UTP and CTP failed to bind. The e subunit lacking C-terminal helical hairpin was unable to bind ATP. Although ATP binding to the isolated e subunits from other organisms has not been detected under the same conditions, a possibility emerges that the e subunit acts as a built-in cellular ATP level sensor of F o F 1 -ATP synthase. and ATP hydrolysis occurring in the a 3 b 3 drives rotation of the g subunit along with the e subunit that is associated to the g subunit (reviewed in 2)
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Responding to the varying energy supply for ATP synthesis in living organisms, the activity of F o F 1 must be regulated. Eukaryotic organellar F o F 1 has developed unique regulatory systems; mitochondrial F o F 1 has a specific ATPase inhibitor protein and its cofactor proteins (4, 5) and chloroplast F o F 1 is regulated by the reversible formation of a disulfide bond in the g subunit (reviewed in 6). More ubiquitous is the inhibition by the e subunit, which was noticed since the early stage of studies of ATP synthase (7) (8) (9) . The e subunit is a small subunit of 130-140 residues consisting of two distinct domains, an N-terminal b sandwich domain and a C-terminal helical hairpin domain (10, 11) . Accumulating biochemical and structural studies have revealed that the e subunit can adopt at least two different conformational states in F 1 and F o F 1 , "down"-state and "up"-state (12) (13) (14) (15) (16) (17) (18) (19) . The structures of the isolated e from Escherichia coli represent the down-state conformation that does not exhibit the inhibitory effect. The exact conformation of the up-state e subunit in F 1 and F o F 1 is not known but it is certain that the C-terminal helical hairpin in the down-state is opened in the up-state (19) and become in contact with the a and b subunits (20) . The up-state e exerts the inhibitory effect on ATP hydrolysis activity but, interestingly, not on ATP synthesis activity of F o F 1 (21).
Several factors are known to induce the conformational transitions of the e subunit. Illumination of thylakoid membranes resulted in the change of the arrangement of the e subunit in chloroplast F o F 1 as probed by the accessibility of the antibody against binding sites on a subunits still shows ATP-dependent conformational transition of the e subunit (17), we have concluded that the ATP binding to the catalytic site(s) on the b subunit(s) triggers the conformational transitions of the e subunit. Here, however, we report that the isolated e subunit of F 1 from thermophilic Bacillus strain PS3 (TF 1 ) has a binding site for ATP. This unexpected finding raises a new possibility that the e subunit in F o F 1 acts not only as a regulator of F o F 1 but also as a sensor for cellular ATP level.
EXPERIMENTAL PROCEDURES

Construction of expression plasmids for e subunits -----
To obtain the wild-type e subunit of TF 1 , the expression plasmid pTE2 (14) and pET21c vector carrying TF 1 e subunit gene (20) were used. The expression plasmid for the e subunit of F 1 from Escherichia coli (EF 1 ) was generated as follows. The gene for EF 1 -e subunit was amplified by polymerase chain reaction with two primers, one containing NdeI site and 5' region of EF 1 -e gene and the other containing complementary sequence to 3' region of EF 1 -e gene and HindIII site, using a plasmid containing E. coli F o F 1 operon as a template. The resulting DNA fragment was digested with NdeI and HindIII and introduced into the respective sites of the pET21c expression vector (Novagen). The expression plasmid for the e subunit of F 1 from Bacillus subtilis (BF 1 ) was generated by the same procedures by using genomic DNA of B. subtilis as a template for polymerase chain reaction. The expression plasmid for a mutant, Lys 109 to Ala (K109A), e subunit of F 1 from Spinacia oleracea L. chloroplast (CF 1 ) was generated by the method of Kunkel et al. (25) from an expression plasmid for the wild type CF 1 -e subunit, pMCE1 (26) . DNA sequences were confirmed by DNA sequencing. equilibrated with 50 mM Tris-HCl (pH 8) and 100 mM KCl to remove hexokinase and glucose. The collected peak contained 0.06 mol of bound ATP / mol of e and termed as e(nd) (nucleotide-depleted e subunit) and used in the experiments. As the e subunits from other sources did not contain bound nucleotides, they were used for the gel-filtration assay without such treatment. 
Detection of ATP binding to e subunit -----
RESULTS
Unusual absorption spectrum of purified TF 1 -e ----
We noticed that the UV absorption spectra of the TF 1 -e subunit isolated from expressing E. coli were unusual because the peak was ~265 nm and magnitude was varied from preparation to preparation (Fig. 1) . As the difference spectra among the preparations showed the peak around 262 nm, it was suspected that the TF 1 -e preparations might contain bound nucleotides. We denatured TF 1 -e by acid treatment, removed the denatured proteins, analyzed the supernatant fraction with HPLC as described (29), and found that the preparations indeed contained 0.3 to 1.1 mol of ATP per mol of e subunit (data not shown). When the isolated TF 1 -e was incubated with hexokinase and glucose (see EXPERIMENTAL PROCEDURES), amount of the bound ATP decreased to 0.06 mol / mol of TF 1 -e and the UV absorption spectrum of thus treated TF 1 -e(nd) (Fig. 1) agreed roughly to the spectrum expected from the content of aromatic amino acid residues in TF 1 -e (two Tyr's, no Trp).
TF 1 -e(nd) binds ATP ----
To know if TF 1 -e(nd) was able to bind ATP again, TF 1 -e(nd) was mixed with ATP, preincubated, and subjected to the gel-filtration column chromatography. The TF 1 -e was eluted at 6.2 min and the small peak of TF 1 -e(nd)
without ATP preincubation seen in the elution profile monitored at 260 nm was attributed to the absorption of TF 1 -e(nd) itself ( Fig. 2A) . Elution of the 1:0.4 TF 1 -e(nd):ATP mixture showed the 6.2-min peak with increased height and no peak corresponding to the free ATP, indicating that all of the added ATP was associated to TF 1 -e(nd). The 6.2-min peak height was further increased for the elution of the 1:1 TF 1 -e(nd):ATP mixture but saturated for the 1:2 mixture elution in which the peak of free ATP appeared. These results suggest that TF 1 -e(nd) binds one mol of ATP and that the TF 1 -e:ATP complex is stable as far as giving rise an isolated peak in the gel-filtration column chromatography. A notice should be added, however, that some fraction of the complex dissociated during chromatography since there was small tailing after the 6.2-min peak in the elution of the 1:1 TF 1 -e(nd):ATP mixture. Mg 2+ was not required for ATP to bind to TF 1 -e(nd), because even when we omitted Mg 2+ from the mixture and supplemented EDTA or CyDTA instead, ATP was still co-eluted with TF 1 -e(nd) at 6.2 min (Fig. 2B) .
Photo-affinity label of TF 1 -e by BzATP ----ATP binding to TF 1 -e(nd) was also
confirmed by a different means. A photo-affinity ATP analog, BzATP was added to the solution of TF 1 -e(nd) and irradiated by UV. As shown in Fig. 3 , the irradiated TF 1 -e(nd) generated a new band in SDS-PAGE analysis (Fig. 3, an arrowhead) . This represents the 
Specificity of nucleotides that bind to TF 1 -e ----The bindings of ADP, GTP,
UTP and CTP were also tested by gel-filtration chromatography. As shown in Fig. 2C , none of them did not change the height of the 6.2-min peak of TF 1 -e(nd) but rather they were eluted as free nucleotides. Thus TF 1 -e(nd) only binds ATP but not other nucleotides under the examined conditions. This is in sharp contrast to the nucleotide binding specificity to the a and b subunits of F 1 ; ADP and GTP can bind to the a and b subunits (30, 31) . The strict discrimination of ATP from ADP by TF 1 -e is indicative of a possible role of the e subunit as a sensor for cellular ATP concentration. (16) . We examined the binding of ATP to the isolated TF 1 -e DC but the binding was not detected (Fig. 4A) . Therefore, the helical hairpin of the C-terminal domain is indispensable to generate the ATP binding site on the e subunit. Fig. 4B-4D ).
DISCUSSION
Since its isolation as the smallest subunit of F 1 at three decade ago (32), the idea has never come to our thought that the e subunit has ability to bind nucleotide. No typical nucleotide binding motif has been found in the amino acid sequence of the e subunit and no typical nucleotide binding domain has been noticed in the three dimensional structures of the e subunit either as an isolated one or in the F 1 (11) (12) (13) (14) (15) (16) (17) (18) (19) .
However, now we know that the e subunit, at least the one from thermophilic Bacillus, is an ATP binding protein. It is surprising that such a small protein (14 kDa) can generate a very specific ATP binding site in its structure, and probably TF 1 -e is one of the smallest proteins that bind nucleotide.
The finding raises an attractive possibility that the e subunit of BzATP, 3'(2')-O-(4-benzoyl)benzoyladenosine 5'-triphosphate; CyDTA, 1, 2-cyclohexanediaminetetraacetic acid; HPLC, high performance liquid chromatography. Fig. 1 UV absorption spectra of TF 1 -e subunit. UV absorption spectra of different lots of TF 1 -e preparations (25 mM) were measured. The difference spectrum (lot 2 -lot 1) and that of 25 mM TF 1 -e(nd) are also shown. (Fig. 4) by guest on September 1, 2017
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